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ON FRICTION AND LEAKAGE LOSSES I N  THE WORKING BLADE-RINGS O F  
RADIAL-FLOW TIESINES I N  HELICOPTER AND TRANSPORT GAS-TURBINE UNITS 

N. F. G a l i t s k i y  

ABSTRACT 

A working blade-ring containing 208 blades from a 
Ljungstrijm t u r b i n e  w a s  r o t a t e d  i n  t h e  forward and reverse  
d i r e c t i o n  with v a r i a b l e  rpm under t h e  following condi t ions:  
i n  f r e e  space,  with coupled t u r b i n e  guide blade-rings and 
i n  t h e  annular  space between t h e  f r e e  f l o a t i n g  r i n g s  and 
t h e  guide blade-rings.  The experimental  i n s t a l l a t i o n  is 
descr ibed i n  d e t a i l .  

The l i t e r a t u r e  lacks  s t u d i e s  of power l o s s e s  from no-load operat ion /60**
of working blade-rings of radial-f low turb ines .  

Because of t h e  p o s s i b l e  a p p l i c a t i o n  of s ing le- and double-rotor r a d i a l -
flow t u r b i n e s  i n  h e l i c o p t e r  gas- turbine u n i t s  (e .g . ,  see B r i t i s h  Patent  No. 
820337, Class 4 ,  1956), where the  degree of t h e  l o s s e s  mentioned a f f e c t s  t h e  
r a t e  of h e l i c o p t e r  descent when t h e  gas-turbine u n i t  i s  not  operat ing and 
makes i t  necessary t o  i n s t a l l  a bypass coupling (and a l s o  because of t h e  use 
of t h e s e  t u r b i n e s  i n  t r a n s p o r t a t i o n  power p l a n t s  requi r ing  t h e  power t u r b i n e  
t o  go i n t o  r e v e r s e ) ,  research  was conducted which should i n  some measure f i l l  
i n  t h i s  gap. 

One objec t  of t h e  i n v e s t i g a t i o n  was t h e  blading taken from a mult i -s tage 
radial-f low Ljungstrijm turb ine .  A s  i s  known, t h e  blading design of LjungstrGm 
radial-f low t u r b i n e s  possesses  high t h e r m o e l a s t i c i t y  and t h e  a b i l i t y  t o  main
t a i n  t h e  r a d i a l  c learances between t h e  blade-rings almost constant  during sub
s t a n t i a l ,  rap id  changes i n  operat ing condi t ions and a l s o  when the  blading ele
ments are heated t o  a high l e v e l .  For example, an a v i a t i o n ,  gas ,  two-rotor 
radial-f low gas- turbine using t h e  Ljungstrijm system operated successfu l ly  i n  
1935 a t  an i n i t i a l  gas temperature of 923 t o  973'K (Ref. 1 ) .  Owing t o  t h e s e  
p r o p e r t i e s  t h e  Ljungstrijm blading design i s  most s u i t a b l e  f o r  t u r b i n e s  which 
must be highly maneuverable, r e l i a b l e ,  and economical. It is  a l s o  s u i t a b l e  
f o r  executing under m u l t i s t a g e  t u r b i n e  condi t ions ( i n  t h e  absence of vacuum) 
such well-known methods of reducing t h e  s i z e  of f r i c t i o n  and leakage l o s s e s  
i n  working blade-rings i n  pro t rac ted  no-load r o t a t i o n  as covering them with 
annular  j a c k e t s  and decreasing t h e  d e n s i t y  of t h e  medium (by s u b s t a n t i a l l y  
r a i s i n g  t h e  temperature of t h e  medium, using f o r  t h i s  purpose t h e  hea t  i n t o  
which f r i c t i o n  l o s s e s  a r e  converted).  

_ _  

* 	 Note: Numbers i n  t h e  margin i n d i c a t e  pagina t ion  i n  t h e  o r i g i n a l  foreign 
text. 
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Conditions,  Means, and-Methods of fhe Fxperiments 

The research  w a s  conducted on a t r a i n i n g  and experimental  u n i t  whose 
diagram ( f o r  t e s t i n g  radial-f low blade-rings) i s  given i n  Figure l a .  A 
working blade-ring 1 from a Ljungstrijm t u r b i n e  with an  o u t s i d e  diameter of 
366 .4  mm and 208 blades 7 .7  mm w i d e  and 18 mm long w a s  fas tened d i r e c t l y  
onto t h e  s h a f t  of a high-frequency e lectr ic  motor 2,  having a power of 9 kw 
and a speed of 8000 rpm; i t  was r o t a t e d  forward and i n  r e v e r s e  i n  an  atmos
pher ic  a i r  medium i n  vessel 10 a t  a v a r i a b l e  number of rpm under t h e  following

/61 
condi t ions:  

(1) i n  f r e e  space with no elements of t h e  flow complex, 

(2) with guide blade-r ings 8 coupled t o  i t  (Figure l b ) ,  and 

(3)  i n  t h e  annular  space between t h e  f ree- f loa t ing  r i n g s  of t h e  guide 
blade-rings (Figure I C ) .  

Axial displacement of guide blade-rings 8 from p o s i t i o n  t o  c w a s  
e f f e c t u a t e d  both when t h e  working blade-ring w a s  r o t a t i n g  and w a s  a t  rest, 
without i n t e r f e r e n c e  between t h e  blade-rings by using t h e  t h r e e  angle  bracke ts  
7 t o  t u r n  supporting d i s c  9 which bears  t h e  guide blade-rings.  The d i s c  w a s  
fas tened  by a threaded connection t o  t h e  lower cross-support of t h e  e l e c t r i c  
motor coaxia l ly  with t h e  motor s h a f t .  Axial displacement of t h e  guide blade-
r i n g s  i n  motion w a s  accomplished i n  t h e  same way a s  displacement of t h e  stress-
r e l i e f  d i s c s  i n  t h e  f i r s t  Ljungstriim radial-flow turb ine ,  i n  t h e  labyr in th-
seals of which t h e  clearances were considerably less than i n  t h e  case i n  ques
t i o n  (Ref. 2 ) .  The number of r o t a t i o n s  w a s  mechanically measured by tachometer 
4 with an accuracy of 5%; temperature of t h e  medium w a s  determined by a mercury 
thermometer near  t h e  blade-rings with an accuracy of 0.5"; barometric pressure  
was taken from Weather Bureau da ta .  The moment of f o r c e s  a c t i n g  on t h e  r a d i a l  
blade-ring and equal  t o  t h e  torque a t  t h e  e lectr ic  motor s h a f t  w a s  found from 
t h e  moment of r e a c t i o n  on t h e  s t a t o r  measured i n  t h e  i n s t a l l a t i o n  by t h e  torque 
angle  of t o r s i o n  s h a f t  3 ,  on which t h e  s t a t o r  i s  suspended and toge ther  with /62
which it  forms a t o r s i o n  balance.  The torque angle  was measured v i s u a l l y  by 
means of t h e  s t a t i o n a r y  s c a l e  and needle 5 f ixed  t o  t h e  s t a t o r .  The t o r s i o 
metr ic  system was c a l i b r a t e d  on t h e  device by means of a spr ing  dynamometer 
and balance,  with t h e  e l e c t r i c  motor running and a t  rest. Cal ibra t ion  took 
p lace  before  and a f t e r  t h e  experiments. The r e s u l t s  of repeated c a l i b r a t i o n s  
throughout a year  were mutually congruent when using both dynamometer and 
balance.  The power l o s t  t o  r o t a t i o n  of t h e  r a d i a l  blade-ring was determined 
from t h e  formula 

Here N i s  power, kw; 
GC = Tmg - c h a r a c t e r i s t i c  of t h e  tors iomet r ic  system, H/mm; 

G - c a l i b r a t i o n  force ,  H; 

Ip - l ength  of arc on scale corresponding t o  torque angle ,  mm; 

L - c a l i b r a t i n g  l e v e r  arm, m; 
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Figure 1 


Diagram of Installation 


(1) - Working blade-ring; (2) - Electric motor; 
( 3 )  - Torsion shaft; ( 4 )  - Tachometer; (5) - Scale 
and needle; ( 6 )  - Thermometer; (7) - Angle bracket; 
( 8 )  - Guide blade-rings; (9) - Suppdrting disc; 
(10) - Vessel. 

n - rpm; and 

g - acceleration of force of gravity, m/sec2. 


For plotting graphs showing the dependence of power loss with friction 


and of leakage on speed of rotation, the quantity %,proportional to the1 
power and reduced to the conditions of air pressure 1.013 bar or 760 mm Hg and 
temperature 293"K, was found to be more convenient. Total error in determining 
power in the low rpm region was about 9%. Reduction to the above conditions 
was accomplished by formula 

(">, - 'p .n -760.r 
1000 r 1000 B 293' 

where B is barometric pressure, mm Hg, and 
T - temperature of the medium, O K .  
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Experimental Resul t s  

Figure 2 g ives  t h e  r e s u l t s  of t h e  experiments i n  a logari thmic system of 
coordinates .  

Curves 1 and 5 correspond t o  no-load r o t a t i o n  of t h e  working b l a d e - r i n z  
i n  reverse and forward d i r e c t i o n s  between guide blade-rings i n  t h e  p o s i t i o n  
shown i n  Figure l b .  

Curves 2 and 4 c h a r a c t e r i z e  t h e  degree of f r i c t i o n  and t h e  leakage l o s s e s  
i n  a s i n g l e  working blade-ring r o t a t i n g  i n  f r e e  space i n  reverse and forward 
d i r e c t i o n s ,  respec t ive ly .  

Curves 3 and 6 g i v e  t h e  degree of t h e  above-mentioned l o s s e s  i n  reverse 
and forward r o t a t i o n  of t h e  working blade-ring i n  t h e  annular space between 
t h e  f l o a t i n g  r i n g s  of t h e  guide blade-rings i n  t h e  p o s i t i o n  shown i n  Figure IC. 
A comparison of t h e  o r d i n a t e s  of curves 1 and 5 ,  2 and 4 ,  and a l s o  3 and 6 
shows t h a t  when t h e  d i r e c t i o n  of no-load r o t a t i o n  of t h e  working blade-ring 
i s  changed from forward t o  reverse ,  o t h e r  condi t ions remaining t h e  same, t h e  
f r i c t i o n  and leadkage l o s s e s  are increased - i n  t h e  f i r s t  case ( in te rmedia te  
s t a g e )  15 t o  20 t i m e s ,  i n  t h e  second @ i n g l e  blade-ring) 9 - 10 t i m e s ,  and i n  
t h e  t h i r d  (working blade-ring i n  annular  j a c k e t )  2 - 2.5 t i m e s .  -I 6 3  

A s  t h e  s lope  of t h e  graphs show, i n  a l l  t h e  above cases  t h e  degree of 
f r i c t i o n  and leakage l o s s  i n  forward no-load r o t a t i o n  of t h e  working blade-
r i n g  i s  propor t iona l  t o  t h e  power of t h e  number of revolu t ions  with an exponent 
of 2.85 t o  2 . 9 ,  while i n  reverse r o t a t i o n ,  t h e  exponent i s  3 and 3 . 3 ,  which 
i n  t h e  given coordinate  system equals  t h e  tangent of t h e  angle  of i n c l i n a t i o n  
of t h e  graphs t o  t h e  a b s c i s s a  a x i s .  

I f  w e  adopt as a s tandard of comparison t h e  level of l o s s e s  from f r i c t i o n  
and leakage i n  the  s i n g l e  working blade-ring r o t a t i n g  i n  a f r e e  medium, then 
t h e  e f f e c t  of t h e  s t r u c t u r a l  elements on t h e  degree of l o s s e s  mentioned i n  
t h e  working blade-ring may be charac te r ized  by t h e  following r e l a t i o n s h i p s .  

During forward r o t a t i o n  of t h e  working blade-ring, as curves 4 and 5 show, 
t h e  guide blade-rings decrease t h e  f r i c t i o n  and leakage l o s s e s  by approximately 
a f a c t o r  of 1.5. The explanat ion f o r  t h i s  is t h e  decreased flow-rate of t h e  
medium leaking through t h e  working blade-ring with guide devices ,  as compared 
with t h e  case of s i m i l a r  r o t a t i o n  of t h e  working blade-ring without t h e s e  
devices  i n  f r e e  space. 

Bilateral  covering of t h e  blades of t h e  working blade-ring with t h e  free-
f l o a t i n g  r i n g s  of t h e  guide blade-r ings,  as curves 4 and 6 i n d i c a t e ,  l eads  t o  
reduct ion of t h e  mentioned l o s s e s  i n  t h e  forward r o t a t i o n a l  d i r e c t i o n  by a 
f a c t o r  of 1.6 t o  1 .7 ,  as compared with t h e  case of working blade-ring r o t a t i o n  
i n  t h e  same d i r e c t i o n  i n  a f r e e  medium, and by a f a c t o r  of 1.1 i n  comparison 
with forward r o t a t i o n  under intermediate  s t a g e  condi t ions.  The explanat ion of 
t h i s  l i es  a l s o  i n  t h e  reduct ion of leakage of t h e  medium. 

I n  reverse  no-load r o t a t i o n  of t h e  working blade-ring, t h e  presence of 
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F igure 2 

Resul ts  Derived from Test ing Working Blade-Ring 
of Lj ungstri jm Radial-Flow Turbine, m = t a n  a 

guide blade-r ings,  as i s  evident  from a comparison of t h e  o r d i n a t e s  of curves 
1 and 2 ,  augments f r i c t i o n  and leakage l o s s e s  by a f a c t o r  of 1.1 with respec t  
t o  a s i n g l e  blade-ring r o t a t i n g  i n  reverse  i n  f r e e  space. 

From a comparison of t h e  o r d i n a t e s  of curves 2 and 3 ,  a s  w e l l  a s  of 
curves 1 and 3 ,  i t  follows t h a t  covering of t h e  blades of t h e  working blade-
r ing  during reverse  r o t a t i o n  with t h e  f l o a t i n g  r i n g s  of t h e  guide blade-rings 
of the  ad jacent  s t a g e s  (which thus  form an annular  space) o r  with a s p e c i a l  
r i n g  j a c k e t ,  makes i t  poss ib le  t o  reduce f r i c t i o n  and leakage l o s s e s  8 t o  9 
t i m e s ,  a s  compared t o  t h e  case of r e v e r s e  r o t a t i o n  of t h e  s i n g l e  blade-ring 
i n  a f r e e  medium, and 9 t o  10 times as compared t o  t h e  case of s i m i l a r  ro ta 
t i o n  under intermediate-s tage condi t ions.  The r e s u l t s  are i n  s a t i s f a c t o r y  
agreement with t h e  r e s u l t s  der ived from i n v e s t i g a t i n g  o t h e r  r a d i a l  blade- /64
r ings .  They a l s o  agree with t h e  s p e c i a l l y  formulated experiments p a r t i a l l y  
published i n  (Ref. 3 ,  4 ) ,  making i t  p o s s i b l e  t o  e s t a b l i s h  t h e  q u a n t i t a t i v e  
r e l a t i o n s h i p s  between t h e  power l o s t  due t o  leakage of t h e  medium and i n  over
coming blade-edge f r i c t i o n ,  and thus  making i t  p o s s i b l e  t o  c l a r i f y  t h e  n a t u r e  
and s i g n i f i c a n c e  of t h e  l o s s e s  a r i s i n g  from i n t e r a c t i o n  of t h e  b lades  with 
t h e  medium under t h e  condi t ions  of f r e e  space and i n  annular  j a c k e t s .  Visual  
observat ion and measurement of t h e  angles  of flow of t h e  medium a t  i n l e t  and 
o u t l e t  of t h e  r a d i a l  blade-ring r o t a t i n g  i n  f r e e  space demonstrated t h a t  i t  
i n t e r a c t s  with t h e  medium pr imar i ly  l i k e  t h e  working blade-ring of t h e  s implest  
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blower of radial-flow type. 


The theoretical computations, which take into consideration leakage 
of the medium and edge friction and which are confirmed by experimental inves
tigations (Ref. 3 ) ,  give the following formula for determining friction and 
leakage power in the radial-flow blade-ring: 


In groups of radial-flow stages with blades of identical outline, with 

comparatively little difference in their lengths, the latter formula may be 

represented as 


When there is a considerable number of uniform stages in a group with 
identical width in working and guide blade-rings and size o f  inter-blade
ring clearances, the sum of the fourth power of the external diameters of 
the working blade-rings may be approximated by the integration: 

2 z z 

. 2d f  =y[d ,  + 46 (z - l)I4 = 
J
[ [d, + 46 (z  - l)I4dz= 

[dl+ 4b (z - l)]5- d: 
3n.ha A"." 

1 1 1 

Here the following notation is used: 


N 
n  

m  


d - 


L 

b 

z  

k  


friction and leakage power, kw; 

number of revolutions, rpm; 

exponent for number of revolutions; 


length and average length, respectively, of working blades, 

cm; 

outside diameter of working blade-ring m; 


density and average density, respectively, of medium, kg/m3; 


normalized width of blades which equals the sum of blade-

ring width plus radial clearance, m; 

number of stages; and 

coefficient allowing for effect of direction of rotation, 

geometrical angles, width and spacing of blades, structural 

elements, and size of radial clearances. 


The superscripts and subscripts 1 and 2 distinguish the quantities re- /65
ferring to the first and last stages of the group. 

According to experiments with radial-flow blade-rings, the exponent of 
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t h e  number of revolu t ions  may i n  a l l  cases  of forward no-load r o t a t i o n  of t h e  
blade-ring be assumed t o  equal  2.85 - 2.9 ( i n  round numbers, 2.9),  while i n  
reverse r o t a t i o n  i t  may be assumed t o  b e  3 - 3 . 3  ( i n  round numbers, 3 ) .  

Depending on circumstances,  t h e  c o e f f i c i e n t  k may be assumed t o  b e  as 
fol lows,  based on t h e  r e s u l t s  of t e s t i n g  t h e  Ljungstrom radial-flow blade-
r i n g  : 

TABLE 

~- 

1. Blade-ring i n  f r e e  medium 0.257 2.57 

2. Blade-ring i n  intermediate  s t a g e  0.162 2.94 

3.  	 Blade-ring i n  annular j a c k e t  o r  between 
f ree- f loa t ing  guide blade-rings with no 
inter-blade-r ing l a b y r i n t h  s e a l s  

- -i-= _ - ~~ 

With inter-blade-ring l a b y r i n t h  seals, i n  which t h e  clearances a r e  always 
less than those  between t h e  blade-r ings,  t h e r e  i s  an a d d i t i o n a l  2 t o  2.5-fold 
reduct ion  i n  leakage and f r i c t i o n  l o s s e s  i n  t h e  t h i r d  case (Ref. 4 )  , which i s  
s t i p u l a t e d  by t h e  reduct ion  i n  leakage of t h e  medium. 

The f e a s i b i l i t y  of a s u b s t a n t i a l  a d d i t i o n a l  reduct ion i n  leakage l o s s  i n  
t h e  t h i r d  case ,  by arranging t h e  s e a l i n g  t o  maintain s u f f i c i e n t l y  l a r g e  c lear 
ances between t h e  bulky r o t a t i n g  and s t a t i o n a r y  p a r t s ,  i s  of g r e a t  p r a c t i c a l  
importance, s i n c e  t h e  r e l i a b i l i t y  of t h e  t u r b i n e  rises a t  t h e  same t i m e  t h a t  
l o s s e s  a r e  reduced. The poss ib le  i n t e r f e r e n c e s  of t h e  r e l a t i v e l y  t h i n  s e a l i n g  
elements during sharp changes i n  operat ing condi t ions cannot r e s u l t  i n  damage 
and s i g n i f i c a n t  change i n  f r i c t i o n  and leakage l o s s e s ,  s i n c e  t h e  s i z e  of t h e  
clearances i n  t h e  inter-blade-r ing s e a l s  of  e x i s t i n g  radial-f low t u r b i n e s  i s  
5 t o  10 t i m e s  less than t h e  clearances between t h e  blade-rings (Ref. 5 ) .  

A r e s t r i c t i o n  on t h e  length  of t h i s  a r t i c l e  f o r b i d s  a d e t a i l e d  d iscuss ion  
of t h e  content  of a l l  experiments made. Therefore,  w e  s h a l l  l i m i t  ourselves  
t o  l i s t i n g  t h e  b a s i c  r e s u l t s  of t h e  work done on f r i c t i o n  and leakage l o s s e s  
i n  radial-f low blade-rings.  

1. F r i c t i o n  and leakage l o s s e s  w e r e  s tud ied  i n  radial-f low blade-rings 
during no-load r o t a t i o n  i n  forward and reverse  d i r e c t i o n s  with v a r i a b l e  rpm: 

(a)  i n  f r e e  space, (b) i n  annular sea led  and unsealed l a b y r i n t h  
j a c k e t s ,  (c)  under condi t ions  of a s i n g l e  c e n t r i f u g a l  s t a g e ,  (d) under i n t e r 
mediate s t a g e  condi t ions  of mul t i s tage  t u r b i n e s ,  and (e) i n  t h e  annular  space 
between f r e e - f l o a t i n g  r i n g s  of t h e  guide blade-r ings of t h e  ad jacent  s t a g e s  of 
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mu1ti stage t u r b i n e s  . 
2. A determinat ion has  been made of t h e  q u a n t i t a t i v e  r e l a t i o n s h i p  be

tween t h e  power l o s t  due t o  leakage of t h e  medium and t o  f r i c t i o n  of t h e  
blade edges; t h e  s i g n i f i c a n c e  of l o s s e s  during no-load r o t a t i o n  of r a d i a l -
flow blade-rings i n  f r e e  space and i n  annular j a c k e t s  has  been c l a r i f i e d .  

3 .  The e f f e c t  of t h e  following f a c t o r s  on degree of f r i c t i o n  and 
leaka'gepower l o s s  i n  no-load r o t a t i o n  of t h e  radial-f low blade-ring has  been 
determined : 

(a) d i r e c t i o n  of r o t a t i o n ,  (b) number of t u r n s  (rpm), (c)  length  of /66 
working b lades ,  (d) width of working blade-rings,  (e) geometr ical  e x i t  angle  
of e f f u s o r  blades i n  a s i n g l e  cent r igugal  s t a g e ,  ( f )  s t r u c t u r a l  elements of 
t h e  flow complex, and (g) inter-blade-ring l a b y r i n t h  seals and r a d i a l  clear
ances during r o t a t i o n  i n  annular j a c k e t s  and i n  t h e  annular  space between t h e  
f r e e - f l o a t i n g  r i n g s  of guide blade-rings.  

4. The amount of f r i c t i o n  and leakage l o s s  i n  radial-flow and axial-
flow blade-rings has  been compared experimentally.  

5. S t r u c t u r a l  methods of reducing f r i c t i o n  and leakage l o s s e s  i n  r a d i a l -
flow blade-rings have been discussed.  

6. Formulas and c o e f f i c i e n t s  have been suggested f o r  p r a c t i c a l  use t o  
f a c i l i t a t e  t h e  computation of t h e  amount of power l o s t  when radial-f low blade-
r i n g s  r o t a t e  under no-load i n  s ing le- and mul t i s tage  radial-f low turb ines .  
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